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COLD-AIR  PERFORMANCE  EVALUATION OF SCALE  MODEL  OXIDIZER  PUMP-DRIVE 
TURBINE FOR THE M-1 HYDROGEN-OXYGEN  ROCKET  ENGINE 

IV-PERFORMANCE OF FIRST STAGE WITH  MODIFIED 
INLET  FEEDPIPE-MANIFOLD ASSEMBLY 

by Roy G. S tabe  and  John F. K l i n e  

SUMMARY 

The  aerodynamic  performance of a 0.45  scale-model of the first stage of the oxygen 
pump-drive  turbine  for  the M - 1  rocket  engine  was  determined  experimentally.  These 
tests differed  from  previous  tests of the first stage  in  that two additional  feedpipes  were 
installed  in  the  turbine  inlet  manifold to improve  the  manifold  performance.  The first 
stage of the  turbine was tested  over a range of speeds  and  pressure  ratios.  The working 
fluid  used  in  the  investigation was  dry air at  inlet  total  conditions of  600' R (333' K) and 
approximately  atmospheric  pressure. 

Modification of the  inlet  manifold  reduced  the  average  feedpipe  Mach  number  from 
0.274  to  0.172.  As a result,  the  manifold  total  pressure  loss was reduced  from  5  percent 
of inlet  total  pressure  to 2 percent of inlet  total  pressure.  The  circumferential  varia- 
tions  in  manifold  and  nozzle  exit  flow  conditions  were  also  much  smaller with the  modi- 
fied  than with the  unmodified  manifold. 

The  smaller  total  pressure  loss in the  modified  inlet  manifold  increased  the  nozzle 
inlet  total  pressure,  the  nozzle  pressure  ratio,  and  the  equivalent weight  flow. At  first- 
stage  design  equivalent  speed  and  pressure  ratio  the  equivalent weight  flow was 6.65 
pounds per  second  (3.02  kg/sec)  compared  to  6.31  pounds  per  second  (2.86  kg/sec)  with 
the  unmodified  manifold. With the  modified  manifold,  the  equivalent  flow  was still 
6  percent  less  than  the  design  value of 7.071 pounds per  second  (3.20  kg/sec).  This  de- 
ficit was attributed  principally  to a smaller  than  design  nozzle  throat  area as well as 
flow  conditions at the  throat  that  differed  somewhat  from  design. 

At first stage design  equivalent  speed  and  blade-jet  speed  ratio,  the  static  efficiency 
was  0.39  and  the  total  efficiency was  0.64  compared  to 0. 37 and 0. 57 for  the first stage 
with the  unmodified  manifold.  The  total  efficiency of the first stage  based  on  nozzle  inlet, 
rather  than  manifold inlet, total  pressure was 0.69  with  the  modified  manifold  compared 
to  0.67  with  the  unmodified  manifold. 

An analysis of first-stage  performance  indicated  that  the  rotor  adiabatic  efficiency 
increased  from  0.81 with the  unmodified  inlet  manifold  to  0.84  with  the  modified inlet 
manifold.  This  improvement  was  attributed  to  the  more  uniform  rotor  inlet  flow  condi- 
tions  afforded by the  modified  manifold.  The  nozzle  adiabatic  efficiency,  however,  was 
0.94  for  both  cases. 



INTRODUCTION 

Experimental  performance  evaluations of the  pump-drive  turbines  for  the M-1 engine 
have  been  included as part  of the  turbine  research  and  project  support  programs.  The 
M-1 is a 1.5-million-pound-thrust (6 .67~10  N) hydrogen-oxygen  rocket  engine.  Fuel 6 

and  oxidizer  turbopumps a r e  mounted on opposite  sides of the  engine  combustion  chamber. 
Each  pump is driven by a two-stage  velocity-compounded  turbine. 

Details of the  fuel  pump-drive  turbine  design  may  be  found  in  reference 1. Cold-air 
performance  evaluations of a 0.646  scale-model  fuel  turbine  inlet  feedpipe-manifold 
assembly, first stage,  and  complete  two-stage  turbine  have  been  reported i n  reference 2. 
Details of the oxygen  pump-drive  turbine  design  may  be found in  reference 3.  

Previous  investigations of a 0.45 scale  model of the oxygen  pump-drive  turbine  in- 
clude  an  experimental  determination of the  inlet  manifold-nozzle  performance  (ref. 4), an 
experimental  determination of the  two-stage  turbine  performance  (ref. 5), and  an  experi- 
mental  determination of the  performance of the first stage with the  inlet  feedpipe  mani- 
fold  assembly  (ref.  6). 

In reference 4 it was reported  that  the  comparatively high velocities  in  the two inlet 
feedpipes  and  in  the  toroidal  inlet  manifold  caused a larger  than  design  loss i n  manifold 
total  pressure  and a substantial  circumferential  variation  in  nozzle  exit flow conditions. 
The  two-stage  turbine  and  also  the first stage  were  tested  with  this  inlet  manifold  (refs. 5 
and  6). In both cases  the  turbine  efficiency was approximately as designed  but  the  equi- 
valent  weight  flow was 10 .8  percent  less  than  the  design  value.  The  reduction  in  equi- 
valent  weight  flow was attributed  to  the  larger  than  design  inlet  manifold  total  pressure 
loss,  the  circumferential  variation  in  manifold flow  conditions,  and  to less  than  design 
nozzle  and  first-stage  rotor  throat  areas. 

For  the  tests  described  in  this  report,  the  inlet  manifold was modified by the  instal- 
lation of two additional  feedpipes.  Experience with the  original  inlet  manifold  indicated 
that  this  modification would result in  lower  total  pressure  loss  and  in  improved  distribu- 
tion of the  flow  around  the  manifold  circumference. 

The  performance of the  modified  inlet  feedpipe  manifold-nozzle  assembly was inves- 
tigated by means of circumferential  surveys of nozzle  exit  total  pressure at several  pres- 
sure  ratios.  The results of these  tests  are  compared with the  results of similar  tests 
performed on the  unmodified  assembly  which  were  reported  in  reference 4. 

The  first-stage  turbine  configuration, with the  modified  inlet  manifold  assembly, was 
then  tested at constant  speeds of 60, 80, 90, 100, and  110  percent of design  equivalent 
speed  and  over a range of pressure  ratios  from 1 . 2  to  2.0.  Zero-speed  torque  data  were 
obtained for  a similar  range of pressure  ratios.  Radial  surveys of rotor  exit flow  condi- 
tions  were  performed at design  equivalent  speed  and  pressure  ratio.  First-stage  perfor- 
mance  in  terms of weight  flow,  specific  work,  static  efficiency,  and  torque are  presented 
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for  the  range of speeds  and  pressure  ratios  covered  in  the  investigation. 
First-stage  velocity  diagrams,  losses,  and  blade  performance  parameters at design 

speed  and  pressure  ratio are compared with the  corresponding  results of the  first-stage 
test with the  unmodified  manifold which were reported  in  reference 6. 
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area, sq  in.  (sq  m) 

dimensional  conversion  constant,  32.17  ft-lb/(lb)(sec ) 

specific  enthalpy,  Btu/lb  (J/g) 

turbine  specific  work,  Btu/lb  (J/g) 

mechanical  equivalent of heat, 778 ft-lb/Btu 

Mach number 

absolute  pressure,  lb/sq  in.  (N/sq  cm) 

radius,  in.  (m) 

mean  diameter  blade  speed,  ft/sec  (m/sec) 

absolute  velocity, ft/sec (m/sec) 

velocity  relative  to  rotor  blade,  ft/sec  (m/sec) 

weight  flow, lb/sec  (kg/sec) 

absolute  flow  angle  measured  from  axial  direction, deg 

relative  flow  angle  measured  from axial direction, deg 

ratio of specific  heats 

ratio of inlet  total  pressure  to  standard  sea-level  pressure,  pi/14.696 

2 

lb/sq  in. @ i / l O .  132 N/sq  cm) 

gamma ( Y )  correction  function, 

/( static efficiency, Ah' h i  - h4)s 

nozzle  adiabatic  efficiency, (hi - h3)/(hi - h3)s 

rotor  adiabatic  efficiency, (h?; - hd/@y - hq)s 

ratio of turbine inlet critical  velocity  to  critical  velocity of standard  sea  level 
air, Vcr, ,/1019, ft/sec (Vcr, 1/310.  6, m/sec) 
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Subscripts: 

ann 

c r  

S 

t 

th 

1,29394, 4a 

Superscripts: 

(-7 
1 

1 1  

blade-jet  speed  ratio, Urn/@, J ( h i  - h4)s  

torque,  lb-ft (N-m) 

annulus 

conditions  corresponding  to  those at a Mach  number of 1 

isentropic  or  ideal  process 

blade  tip  section 

throat 

measuring  stations  (see  fig. 1) 

arithmetic  average  value 

absolute  total  state  condition 

total state condition  relative  to  rotor  blade 

APPARATUS  AND PROCEDURE 

The 0.45 scale-model  turbine  and  the test facility  with  which  the  performance of the 
M-1 oxidizer  pump-drive  turbine first stage was evaluated  (ref. 6) were  used  for  this 
investigation. 

The  turbine  inlet  manifold was modified by the  installation of two additional  feedpipes 
diametrically  opposite  the  existing two. A  sketch of the  cross  section  through  the  modi- 
fied  manifold is shown in  figure 1. The  axial  and  circumferential  location of the  instru- 
mentation is also shown in  figure 1. 

For  tests of the  feedpipe-manifold-nozzle  configuration, a Kiel-type  total  pressure 
probe  set at the  design  flow  angle  was  located 1/8 inch (0 .318  cm)  axially  downstream 
from  the  nozzle  exit.  The  probe  and  the  circumferential  survey  equipment  are  described 
in  reference 4. 

For  tests of the  first-stage  configuration,  four  combination (flow-angle  and total- 
pressure)  radial-survey  probes  were  located  around  the  circumference  one  axial  blade 
chord  downstream  from  the  rotor  exit. 

Airflow rate was  measured with a calibrated ASME thin-plate  orifice  run.  Orifice 
inlet  pressure  was  measured with a calibrated  precision  Bourdon  tube  gage.  All  other 
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I n le t  
manifold 

Cross  section  of  f i rst-stage  turbine  configuration. 

8 Flow  direction  and  total  pressure 
Stat ic   pressure 

0 Total  Dressure 
e Total  temDerature 

-0 Actuated  probe 

Station 3, nozzle  exit 

Station 2, in le t   mani fo ld  

Station 4, ro tor   ex i t  Station 4a, rotor  exi t   survey 

Views  looking  upstream. 

F igu re  1. - Locat ion  of   instrumentat ion  and  stat ion  nomenclature.  
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pressures  were  recorded  simultaneously by photographing a bank of mercury  mano- 
meters.  Temperatures were read  on  an  industrial  self-balancing  potentiometer.  Tur- 
bine  rotative  speed was  measured with an  electronic  counter  in  conjunction  with a mag- 
netic  pickup  and a 60400th  gear  mounted  on  the  turbine  shaft.  The  total  reaction  torque 
of the  gear-box  and  dynamometer was measured with a strain-gage  force  cell  in  conjunc- 
tion with an  integrating  digital  millivoltmeter. 

A  diagram  and  overall view of the test facility are shown in  figure 2. Turbine  output 
torque is transmitted  through a cradled  gear box to a cradled  direct-current  dynamo- 
meter. 

All  tests  were  conducted with dry air at a total  pressure of 30 inches of mercury 
(10.16  N/sq  cm)  absolute  and a temperature of 600' R (333' K) at station 1 in  the  mani- 
fold f eedpipes. 

The  inlet  manifold-nozzle  assembly was tested  separately at pressure  ratios  (inlet 
total  to  nozzle  exit  static)  from 1 . 2  to 2.0. Nozzle  exit  total  pressure was  surveyed  cir- 
cumferentially at three  radial  positions at each  pressure  ratio.  This  procedure is de- 
scribed  in  reference 4. 

The  first  stage of the  turbine w a s  operated  at 0, 60, 80, 90, 100, and  110  percent of 
design  equivalent  speed at pressure  ratios  from 1 . 2  to  2.0.  Rotor  exit flow conditions 
were  surveyed  radially at four  circumferential  stations and at design  equivalent  speed 
and pressure  ratio.  The  torque  measuring  system was  calibrated i n  place  before  and 
after  each  day's  operation by dead-weight  loading  the  dynamometer  stator. 

Turbine  specific  work Ah? was calculated  from weight flow, speed,  and  turbine 
torque  data.  Turbine  torque was  determined by adding  bearing-seal  torque  (approxi- 
mately 2 percent of design  equivalent  first-stage  torque)  to  the  torque  indicated by the 
force  cell.  Bearing-seal  torque was  determined  directly by removing  the  rotor  and 
motoring  the  test  unit  at  each  speed. 

Inlet  (feedpipe)  average  total  pressure p i  was calculated  from  the  average  static 
pressure  and  temperature  and  the  total  flow  area and  weight  flow  in the  four  feedpipes. 

The  pressure  ratio  used  to  determine  turbine  performance is based  on  the  average 
inlet  total  pressure  pi and the  average of the hub and  tip  static  pressures at the  rotor 
exit p4 (station 4). 

RESULTS AND DISCUSSION 

The  results of the  cold-air  performance  evaluation of the  scale-model  oxidizer  tur- 
bine first stage with t h e  modified  inlet  manifold are  presented  in  the  following  sections: 
Inlet Manifold-Nozzle  Assembly,  First-Stage  Performance,  and  Analysis of First-Stage 
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Performance. Where appropriate, the results of this investigation a r e  compared with 
the results of the  investigation of the first stage with the original  dr  unmodified  manifold 
reported in  reference 6 .  

In le t   Mani fo ld-Nozzle  Assembly 

The  performance of the modified inlet manifold-nozzle  assembly  was  investigated by 
means of circumferential  surveys of nozzle  exit  total  pressure at several  pressure  ratios. 
The same  procedure  was  used  in the investigation of the unmodified  manifold. In this 
report, as in  reference 4, it is assumed that the  maximum  total  pressure  recorded at the 
exit of each  nozzle  channel is representative of the  effective  total  pressure  in  the  mani- 
fold at the  entrance of the respective  nozzle  channels. 

Nozzle exit total  pressure  surveys. - A strip  chart   record of a typical  nozzle  exit 
survey,  made at the  nozzle  mean diameter, is reproduced  in  figure  3(a).  For  compari- 

Channe l   number  

lo@ Nozzle  upstream  exit  looking 

,-Typical channe l  ' 30 r p r e s s u r e   s u r f a c e  
II total  pressure  trace 20 

LChanne l  Feedpipe  Feedpipe 
n u m b e r  

I I I I " 

Feedpipe 

- 
p3 

. ~ ~ ___ ~. 

(a)  With  modified  Wfeedpipe)  manifold.  Equivalent  inlet  total to nozzle  exit  static  pressure  ratio, 1.53. 

- 

p3 ~- . . . ~~~~ ~- 

(b)   Wi th   o r ig ina l  (2-feedpipe)  mahifold.  Equivalent  inlet  total to nozzle  exit  static  pressure  ratio, 1.48. 

Figure 3. - Comparison of c i rcumferent ia l   surveys  of   nozzle  exi t   total   pressure  at   mean  diameter.  
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son, a record of a similar  survey  made with the unmodified  manifold is reproduced  in 
figure 3(b). The  level of inlet total  pressure  and  nozzle exit static pressure,  relative  to 
the  nozzle  exit  total  pressure  trace, is indicated.  The  vertical or   pressure  scale  is the 
same  for both survey  records.  The  location of the  manifold  feedpipes  and  several  nozzle 
channels is also shown. 

The  total  pressure traces shown in figure 3 indicate  that  the  performance of the  mod- 
ified inlet madold-nozzle  assembly is generally  superior to the  performance of the  un- 
modified assembly.  The  most  significant  improvements  are  the  greatly  reduced  circum- 
ferential  variation of nozzle inlet total  pressure, as indicated by the  envelope of the  max- 
imum  nozzle  channel  total pressures,  and  the  higher  average  nozzle  inlet  total  pressure. 

Manifold total  pressure  loss. - The  average manifold  total pressure p2 is the 
average of the  maximum  nozzle  channel  exit  total pressures.  The  manifold  total pres- 

- 

\1 Velocity  head loss 
\ 
\ 

I I 

Average  feedpipe  Mach  number, M1 
. 2  . 3  

Figure 4. - Inlet   manifold  total   pressure loss as  a function  of  feed- 
pipe  Mach  number.  



sure  ratio iF /p' fo r  both  modified  and  unmodified  manifolds is shown as a function of 
average  feedpipe  Mach  number  in  figure 4. A total  pressure  ratio  corresponding  to  aloss 
of one  feedpipe  velocity  head is also shown in  this  figure as a dashed  line.  The  total 
pressure  loss  for both  modified  and  unmodified  manifolds is very  nearly  equal  to a loss 
of one  feedpipe  velocity  head. At first-stage  design  pressure  ratio,  the  average  feed- 
pipe  Mach  number is 0.172 for  the  modified  manifold  and 0.274 for  the unmodified mani- 
fold.  The  corresponding  manifold  total  pressure  ratios ij.!.!/pi are  very  nearly  0.98 and 
0.95 for  the  modified  and  unmodified  manifolds,  respectively. 

2 1  

First-Stage  Performance 

The  first-stage  turbine  configuration, with the  modified  inlet  manifold, was tested  at 
constant  speeds of 0, 60, 80, 90, 100, and  110percentof  designequivalent  speed  andover 
a range of pressure  ratios  from 1 . 2  to 2.  0. 
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v o  
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0 100 
D 110 

1.4  1.6 1.8 2.0 2. 2 
Equivalent  inlet  total to rotor exit   stat ic  pressure  rat io, Pi/& 

Figure 5. -Va r ia t i on  of equivalent  weight  f low  with pressure rat io 
and  speed. 
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Weight  flow. - Equivalent  weight  flow is plotted  against  equivalent  pressure  ratio  and 
speed  in  figure 5. At first-stage design  equivalent  pressure  ratio (1.646) and  speed,  the 
equivalent  weight  flow  was 6.65 pounds per  second (3.02 kg/sec) which is 6 percent less 
than  the  design  value of 7.071 pounds  per  second (3.20 kg/sec).  The  equivalent  weight 
flow for  the first stage with the  original  manifbld at the  same  speed  and  pressure  ratio 
was 6.31 pounds per  second (2.86 kg/sec), 10.8 percent less than  design.  This 5.4 per- 
cent  increase  in weight  flow is largely  due  to a higher  average  nozzle inlet total  pressure 
and a higher  nozzle  total-  to  static-pressure  ratio which resulted  from  the  lower  total 
pressure loss in  the  modified inlet manifold  than  in  the  original  manifold. 

Equivalent  specific  work. - Equivalent  specific  work as a function of equivalent  pres- 
sure  ratio  and  speed is shown in  figure 6. At first-stage  design  equivalent  pressure 

t 

Percent 
design 

equivalent 
- speed 

80 
0 60 

0 90 
0 100 
D 110 - 

2 1  I I I 
1. 2 1.4 1.6 1.8 2.0- 2.2 

Equivalent  inlet  total to rotor  exit   stat ic  pressure  rat io,  pi lp4 

Figure 6. - V a r i a t i o n  of f irst-stage  equivalent  specific  work  with  pressure  ratio 
and speed. 



ratio  and  speed,  the  equivalent  specific  work of the first stage is 6 . 4  Btu per pound 
(14.9 J/g)  compared  to 6 . 1 5  Btu per pound (14.3 J/g) for  the first stage with the  original 
inlet manifold.  The  continued  upward  trend of the  equivalent  specific  work  curves at the 
higher  pressure  ratios  indicates  that  the first stage was not operating  near  limiting 
loading. 

Static  efficiency. - First-stage  static  efficiency as a function of blade-jet  speed  ratio 
and  percent  design  equivalent  speed is shown in  figure 7. At  first-stage  design  equivalent  speed 
and  blade-jet  speed  ratio (0.135), the  static  efficiency is 0 . 3 9  compared  to 0 .37  for  the 
original  first-stage  configuration  and  the  design  value of 0.375. 

Equivalent  torque. - Equivalent  torque as a function of percent  design  equivalent 
speed  and  pressure  ratio is shown in  figure 8. These  curves  were  constructed  from  plots 
of equivalent  torque  against  equivalent  pressure  ratio  for  constant  speeds of 0, 60, 80, 
90,  100, and 110 percent of design  equivalent  speed. 

The  equivalent  torque of the first stage at design  equivalent  speed  and  pressure  ratio 
is 167 pound-feet (226 N-m)  compared  to 152 pound-feet (206 N-m)  reported  in  ref- 
erence 6 for  the first stage with the  unmodified  manifold  and 172 pound-feet (233 N-m) 
design.  The  increase  in  equivalent  torque  over  that of the first stage with the  unmodi- 
fied  manifold is due  to  the  higher  efficiency  and  weight  flow  obtained with the  modified 

Percent 
design 

equivalent 

0 60 
A 80 
0 90 

.21 I 
.05  .10  .15  .20  .25 

Blade-jet speed ratio, v 

F igu re  7. - V a r i a t i o n  of f i rst-stage  stat ic  eff iciency  with  blade-jet 
speed r a t i o   a n d  speed. 
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;O0I 275 

Equivalent  in let  
total to rotor  exit  

stat ic  pressure  rat io 

(design) 

0 20 40 60 80 100 120 
Percent  design  equivalent speed 

Figure 8. - V a r i a t i o n  of f irst-stage  equivalent  torque with speed a n d  
pressure  ratio. 

inlet  manifold.  Design  equivalent  torque  was not achieved  because  the  equivalent  weight 
flow is still 6 percent  less  than  design. At  design  equivalent  pressure  ratio,  the  ratio of 
zero  speed  to  design  speed  equivalent  torque is 1. 12. This  ratio is small  because of the  very 
low first-stage  blade-jet  speed  ratio. 

First-stage  rotor  exit  surveys. - Radial  surveys of first-stage  rotor  exit flow  con- 
ditions  were  made at design  equivalent  speed  and  nominally  design  equivalent pressure 
ratio.  Absolute  flow  angle  and  total  pressure  were  measured at four  circumferential 
positions  and at several radial locations  along  the  blade  span. 

to  inlet  total  pressure  ratio p;/pi a r e  shown in  figure 9. The  data shown in  figure 9 
represent  the  circumferential  average of the  four  measurements  taken at each  radial  lo- 
cation.  The  radial  variation of both  first-stage  rotor  exit  angle  and  total  pressure  ratio 
are  very  similar  to  those  reported for the first stage with the  unmodified  manifold  in 
reference 6. 

The radial variation  in  first-stage  rotor exit absolute  flow  angle  and  rotor  exit  total 
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(a)  Radial  variation  of  f irst-stage rotor exit  flow  angle. (b) Radial  variation of f irst-stage rotor exit  total 
pressure. 

Figure 9. - First-stage rotor exit   surveys  at  design  equivalent speed and  approximately  design  equivalent  pressure  rat io. 

The  spanwise  integrated  average  values of flow angle  and  rotor  exit  total  to  inlet  total 
pressure  ratio are 69.3' and  0.742,  respectively,  compared  to 69.8' and  0.724, respec- 
tively,  reported  in  reference  6  for  the first stage with the original  manifold. 

Analysis of F i rs t -Stage  Per formance 

First-stage  velocity  diagrFms,  losses,  and  blade  performance  parameters at design 
equivalent  speed  and  approximately  design  equivalent pressure  ratio were computed  and 
a r e  compared with the  corresponding  results of the  first-stage  test with the unmodified 
manifold as reported  in  reference 6. 

Velocity diagrams. - A velocity  diagram  representative of the  first-stage  perfor- 
mance was calculated  from  test data. The data used  were  for  design  equivalent  speed 
and an equivalent pressure  ratio  pi/p4 of 1.668.  The  rotor  exit  velocity was calculated 
from  the  average  values of rotor exit static  and  total  pressures.  The  average  values of 
the  first-stage  exit flow angle and  mean  diameter  blade  speed  were  used  to  complete  the 
exit  velocity  triangle.  The  rotor inlet tangential  velocity  was  then  specified by the 
measured  specific  work.  The  rotor  inlet axial velocity was calculated  from  continuity. 

14 



83 67. 
P3 = 

(WIW,,) = 0.667 

4 

0.120 

4" 

(UIV ) = 0.124 
cr 4 

(UIV ) = 0.124 
cr 4 

(a) For modified (4-feedpipe)  manifold. (b) For unmodified (2-feedpipe) manifold. 

Figure 10. - First-stage mean diameter  velocity  diagrams  calculated  from test data at design equivalent speed and  approximately design equivalent  pressure  ratio. 

Nozzle  exit  area, weight  flow,  and  average  nozzle  exit  static  pressure data were  used  for 
this  calculation.  This  diagram is presented  in  figure lO(a). For comparison,  the  vel- 
ocity  diagram  obtained  for  the  first  stage with the unmodified  manifold (ref. 6) is shown 
in  figure lo@).  

The  most  significant  difference  between  these two velocity  diagrams are  the  nozzle 
and  rotor  exit  velocities.  The  velocities  for  the first stage with the modified  manifold are 
higher  than  the  corresponding  velocities  for  the first stage with  the  unmodified  manifold. 
These  higher  velocities  resulted  in  the  increased  specific  work  and  static  efficiency re- 
ported  in  previous  sections. 

The  rotor  reaction,  implied by the  difference  between  the  rotor  inlet  and  exit  relative 
velocities, is small but positive  for  the modified  manifold case and  equally small but 
negative for  the unmodified  manifold case.  The  rotor  inlet  and  exit  angles p, and p, 
are  also  nearly  the  same  for both cases. 

Axial pressure  distribution. - The axial distribution of absolute  and  relative  total  to 
inlet  total  pressure  ratios  corresponding  to  the  velocity  diagrams of figure 10 a r e  shown 
in  figure ll(a). The axial distribution of average  static  to  inlet  total  pressure  ratios  for 
the two first-stage  configurations is shown in  figure  ll(b). 

- 

The  average  absolute  and  relative  total  pressures  for  the  modified manifold first- 
stage  configuration are all higher  than  the  corresponding  pressures of the  unmodified 
manifold  case.  The  higher  total  pressure  level  obtained with the  modified  manifold r e -  
sults  from  the  initial  advantage of the  smaller  manifold  total  pressure  loss.  The  rotor 
relative  total  pressure  losses are nearly  equal  for both  configurations. And the  nozzle 
total  pressure  loss is slightly  higher  for  the  modified  case  than for the  unmodified.  The 
nozzle  total  pressure  ratio frb/p2 is 0.972 with the  modified  manifold  and 0.976 with the 
unmodified  manifold. 
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The static pressure  level,  figure  ll(b), at the inlet  and exit of the  rotor is the  same 
for both configurations.  The  inlet  total  to  exit  static  pressure  ratios  for both nozzle  and 
rotor are then  higher  for  the first stage with the  modified  manifold  than with the  unmodi- 
fied  manifold.  The  higher  inlet  total  to  exit  static pressure  ra t ios   are  compatable with 
the  higher  velocities  and  also  the  larger  equivalent  weight  flow  obtained with the  modified 
manifold. 

Utilization of available  energy. - The velocity  diagram  and  pressure data of fig- 
ures  10 and 11 were  used  to  calculate  the  losses  in  available  energy  resulting  from  the 
nonisentropic  processes  that  occurred  in  the  manifold,  nozzle,  and  first-stage  rotor. 
The ratio of work or  loss  to  the  ideal  available  energy  for both first-stage  configurations 
are compared in figure 12. 

The  sum of the  work  and  the  leaving  energy is 0.797  for  the first stage with the  mod- 
ified  manifold  compared  to  0.735  for  the  first  stage with the unmodified  manifold.  That 
is, the first stage with the  modified  manifold either converted  to work or  made  available 
to a succeeding  stage 79.7 percent of the  energy  available  to it. The increased  utiliza- 
tion of available  energy  indicates  that  there was also an increase  in  first-stage  total  ef- 
ficiency. The total  efficiency of the first stage with the  modified  manifold was 0.64  com- 
pared  to 0. 57 for  the first stage with the  unmodified  manifold. 

The modification of the  inlet  manifold  reduced  the  manifold  loss  from  9.5  to  3.7  per- 
cent of first-stage  available  energy.  This  reduction  in manifold loss is the  principal 
reason  for  the  large  increase  in  first-stage  total  efficiency.  The  total  efficiencies  ex- 
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Figure 12. - Ut i l izat ion of ideal  available  energy  of  f irst  stage  with 
modif ied  and  unmodif ied  in let   manifolds.  

clusive of the  manifold,  that is, the  total  efficiency  based on the  nozzle  inlet  to  rotor 
exit  total  pressure  ratio p2/p4 a r e  0.69  and 0.67  for  the  first  stage with the  modified 
and  unmodified  manifolds,  respectively. 

The  nozzle loss with  the  modified  manifold was 5 . 2  percent of the  available  energy 
compared  to 4. 5 percent with the unmodified  manifold.  However,  the  nozzle  adiabatic 
efficiency qN was found to  be 0 . 9 4  for both the  modified  and  unmodified  manifold  cases. 
For a given  nozzle  adiabatic  efficiency,  the  loss is dependent only on pressure  ratio. 
And, as mentioned  in  the  section, Axial pressure  distribution,  the  nozzle  pressure  ratio 
was  larger with the  modified  manifold.  Therefore,  the  loss  was  larger also. 

The  rotor  loss, with the modified  manifold, was 1 1 . 4  percent of available  energy 
compared  to 12 .7  percent with  the  unmodified  manifold.  The  corresponding  rotor  adia- 
batic  efficiencies Q a r e  0 . 8 4  and 0. 81 for  the  modified  and  unmodified  manifold  cases, 
respectively.  This  increase  in  rotor  adiabatic  efficiency is the  reason  for  the  increase 
in  first-stage  total  efficiency  (exclusive of the  inlet  manifold)  mentioned  previously. 

This  improvement  in  rotor  adiabatic  efficiency is attributed  principally  to  the  more 
uniform inlet conditions  obtained with the  modified  manifold. In addition,  the  level of 
rotor  adiabatic  efficiency is quite  high,  particularly  in  view of the  thick  blunt  leading  edge 
blades  used  for  the  rotor. 

Nozzle  Derformance. - The  more  uniform  nozzle  inlet  flow  conditions  obtained  with 
the  modified  inlet  manifold  did not result  in  an  improvement  in  nozzle  adiabatic  efficiency. 
At  design  equivalent  speed  and  overall  first-stage  pressure  ratio,  the  nozzle  efficiency is 
0 . 9 4  with either  the  modified or  unmodified  inlet  manifold.  Design  nozzle  efficiency  was 
0.9 1. 
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F igu re  13. - Comparison  of   actual   and  theoret ical   var iat ion  of   nozzle 
equivalent  f low  per unit throat   area  wi th   nozz le  pressure  ra t io .  

Another  aspect of nozzle  performance is the weight  flow  per  unit  area.  The  ratio of 
equivalent weight  flow to the  nozzle  throat area is plotted  against  nozzle  pressure  ratio  in 
figure 13. Data  for  the first stage with  the  modified  and  unmodified  inlet  manifolds a r e  
shown. In figure 13, the  equivalent  weight flow is referenced  to  the  nozzle  inlet  total 
pressure p2 rather  than  manifold  inlet  total  pressure  pi.  The  data shown in  the  figure 
indicate  that  the  weight  flow  characteristics of the  nozzle  were  essentially  the  same with 
either  the  modified or unmodified  inlet  manifold. 

The  dependent variable of figure 13 is a  function of the  nozzle  pressure  ratio p /p 2 3’ 
the  nozzle  adiabatic  efficiency qN, the  nozzle  annulus  to  throat  area  ratio A3, ann/A37 th 
and  the  nozzle  exit  flow  angle F3. Therefore, 

= c  
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where C = 0.928  pounds per  second  per  square  inch  and is a function of standard  sea- 
level  pressure  and critical velocity. If the  International  System of Units  is used, 
C = 652.4  kilograms  per  second  per  square  meter. 

The  nozzle  annulus  to  throat area ratio is 3.065. This is larger than  the  design 
value which was 2.971  because  the  scale-model  throat area was  smaller  than  design.  The 
average  nozzle  exit  flow  angle  from  the  velocity  diagrams (fig. 10) is 71.35'. The  exit 
flow  angle is also  larger  than  the  design  value which was 70.0'. Equation (1) was eval- 
uated  for  the  constant  values of qN = 0.94, A3, ann/A3, th = 3.065,  and 7F3 = 71.35' and 
over a range of nozzle  pressure  ratios. 

The  resulting  curve is also shown in  figure  13  and is seen  to fit the  data  for both 
manifolds  very  well.  Thus it can  be concluded  that not only are  the  nozzle efficiency  and 
exit  flow  angles  comparable  for  the two manifolds,  but also  that  these  efficiencies  and 
flow  angles  were  very  nearly  constant  over  the  range of pressure  ratios  investigated. 

At  design  nozzle  pressure  ratio  1.58  the  equivalent  flow  per  unit  throat  area is 0.315 
pound per  second  per  square  inch (222 kg/(sec)(sq  m)) which is about 3.1  percent  less 
than  the  design  value of 0.325 pound per  second  per  square  inch (229 kg/(sec)(sq  m). 

This  additional  deficit  in  weight flow is attributed  to  flow  conditions at the  throat  that 
differ  somewhat  from  those of design (Mach number,  static  pressure, flow  coefficient, 
etc. ). 

This flow deficit is also  evidenced by the  larger  than  design  nozzle  exit flow angle. 
At 70' the  cosine  function  decreases  rapidly  so  that a small  increase  in  angle  causes a 
fairly  large  decrease  in  the  nozzle  exit  to  throat  area  ratio  (the  term (A3, ann/A3, th) 
cos F3 in  eq. (1)). 

SUMMARY OF RESULTS 

The  aerodynamic  performance of a 0.45  scale  model of the first stage of the oxygen 
pump-drive  turbine  for  the M - 1  rocket engine was determined  experimentally.  These 
tests  differed  from  previous  tests of the first stage  in  that two additional  feedpipes  were 
installed  in  the  turbine  inlet  manifold  to  improve  the  manifold  performance.  The first 
stage of the  turbine was  tested  over a range of speeds  and  pressure  ratios.  The working 
fluid  used  in  the  investigation was dry air at inlet  total  conditions of  600' R (333' K) and 
approximately  atmospheric  pressure.  The  results of this  investigation are  summarized 
as follows: 

1. Modification of the  inlet  manifold  reduced  the  average  feedpipe Mach number  from 
0.274  to 0.172. A s  a result,  the  manifold  total  pressure  loss was reduced  from  5  percent 
of inlet  total  pressure  to 2 percent of inlet  total  pressure.  The  circumferential  varia- 



tions in manifold  and  nozzle  exit  flow  conditions  were also much  smaller with the  modified 
than with the  unmodified  manifold. 

2. The  smaller total pressure  loss  in  the modified  inlet  manifold  increased  the  noz- 
zle  inlet  total  pressure,  the  total-to  static-pressure  ratio,  and  the  equivalent weight flow. 
At first-stage design  equivalent  speed  and  pressure  ratio  the  equivalent weight  flow was 
6.65 pounds per  second  (3.02  kg/sec)  compared  to  6.31  pounds  per  second  (2.86  kg/sec) 
with the unmodified  manifold. With the  modified  manifold,  the  equivalent  flow  was still 
6  percent  less  than  the  design  value of 7.071 pounds per  second  (3.20  kg/sec).  This  de- 
ficit  was  attributed  principally  to a smaller  than  design  nozzle  throat  area as well as flow 
conditions at the  throat which differed  somewhat  from  design. 

3. Atfirst-stage  design  equivalent  speed  and  blade-jet  speed  ratio  the  static  efficiency 
was  0.39  and  the  total  efficiency was 0.64  compared  to  0.37  and 0. 57 for  the first stage 
with the  unmodified  manifold.  The  total  efficiency of the first stage  based on nozzle inlet, 
rather than  manifold  inlet,  total pressure  was  0.69 with the modified  manifold  compared 
to  0.67 with the  unmodified  manifold. 

4.  An analysis of first-stage  performance  indicated  that  the  rotor  adiabatic  efficiency 
increased  from  0.81 with  the  unmodified  inlet  manifold  to 0. 84 with the  modified  inlet 
manifold.  This  improvement  was  attributed  to  the  more  uniform  rotor  inlet  flow  condi- 
tions  afforded by the  modified  manifold.  The  nozzle  adiabatic  efficiency,  however,  was 
0.94 for both cases. 

Lewis  Research  Center, 
National  Aeronautics  and  Space  Administration, 

Cleveland, Ohio, October 18, 1967, 
128-31-02-25-22. 
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